This paper, second in the series, reports on the picosecond time-resolved photofragmentation of the overtone (V OH = 5) initiated reaction: HOOH + hv--+20H. The hydrogen peroxide is initially excited by way of a picosecond laser pulse to the fourth overtone level of the OHstretch local mode. The subsequent unimolecular reaction behavior is obtained by monitoring the laser-induced fluorescence, caused by the picosecond probe-pulse electronic excitation of the OH radical photoproduct (in a given rotational state). The two pulses are scanned relative to one another in time thereby mapping out the product yield for the given delay-time interval. The resultant product formation behavior is found to be nonexponential, and may be modeled as a biexponential rise. Furthermore, the quasibiexponential behavior is sensitive to the exact excitation wavelength-slight variations of which result in large changes in the two time constants and the relative amplitUdes of the fast and slow components. These experiments give direct evidence for the inhomogeneous nature of the overtone transition on the picosecond time scale, and provide the dissociation rate contribution to the homogeneous width (0.05-0.15 cm -1). The apparent width for the main band feature is about 200 cm -1. The rate of product formation (magnitude and form) is interpreted in terms of statistical and nonstatistical theories. The limitations of the applicability of each model is discussed. The fluctuations of the fitting parameters as a function of excitation wavelength may be simulated by a statistical model which considers all possible discrete optical transitions within the simulated laser bandwidth and the details of product formation from each state. For a nonstatistical interpretation, the biexponential form reflects a division of the vibrational phase space, and this is discussed in the spirit of a kinetic model. Finally, experimental results are reported for direct UV initiated photofragrnentation. The observed dynamics indicate that a very different type of potential surface (repulsive) is involved, in contrast to the overtone initiated dissociation, which takes place on the ground state surface.
I. INTRODUCTION
The highly state-selective nature of optical overtone excitation encourages the possibility of the study of state-tostate reaction dynamics and bond-selective chemistry. 1 The specificity in the initial state creation results from rigorous transition selection rules in the excitation process. In contrast to unimolecular reactions which proceed via mechanisms involving internal conversion or intersystem crossing (see e.g., Ref.
2), local-mode (LM) excitation 3 0fCHorOH oscillators provide a "site selective" method of depositing the energy in a given bond on the ground potential energy surface. Such a well defined initial state should allow for the detailed examination of the effect of intramolecular vibrational energy redistribution (IVR), from the LM into the reaction coordinate, on the dynamics of reaction. The trying aspect of such experimental studies sterns from the small absorption cross sections (0'<; 10-23 cm -2 ) for transitions to those overtone levels (e.g., fourth, fifth, or higher) which are sufficiently energetic to obtain molecular dissociation (typically 40-60 kcal/mol). The consequent small excited molecule population makes the study of intramolecular dynamics and reaction rates difficult. Following the spectroscopic measurements of the linewidth ofLM states (typical 1 00-150 cm -1 in large molecules), it became clear that time-resolved study of the (picosecond) dynamics of such states are necessary. The need for direct measurements of the time evolution sterns from the realization that the linewidth ofLM states may not be directly related to the true rate(s) of energy relaxation and/or reaction out of such states. This is because dephasing and inhomogeneous broadening could contribute significantly to the linewidth. 4 Many attempts were made in this laboratory to measure the picosecond dynamics of LM states but without success. Our recent report 5 on the overtone initiated dissociation of hydrogen peroxide is the first successful picosecond time-resolved overtone experiment to directly obtain such information. The reaction studied is HOOH(v OH = 5 excitation) --+20H.
The method, as depicted in Fig. 1 , may be briefly described as a picosecond laser pulse exciting the molecule to the fourth overtone (V OH = 5) while a second (ps) pulse interrogates the OH radical reaction product formed in a specific rovibrational state. The OH laser-induced fluorescence (LIF) signal is monitored as a function of the relative A picosecond pump pulse prepares the HOOH in the fourth overtone level of the OH stretching mode. Only states in the tail of the thermal distribution are energetic enough to dissociate. Intramolecular energy redistribution transfers the excitation + thermal energy to the reactive coordinate. The subsequent dissociation forms the OH radical product in various rotational states. A picosecond probe pulse excites the OH radical via the 2~ _ 2" electronic transition. The resultant OH-LIF signal is proportional to the amount of ground state OH product in the specific state probed by the laser. The pump and probe laser pulses are scanned in time.
delay between the excitation and probe pulses. This development has afforded us with the capability to directly monitor the unimolecular reaction rates. The rates, taken in conjunction with the previously determined product state distributions, 6 should provide critical tests for theories of unimolecular reaction dynamics. Since the initial excitation is of the LM of the OH stretch and the reaction involves another coordinate, i.e., breaking the 0-0 bond, this motion of the internal energy implies that these studies are relevant to the IVR process and to the dynamics of the (ro-) vibrational phase space. The measured rate of reaction provides, by way of the Fourier transform, the contribution of the unimolecular dissociation to the homogeneous linewidth of the given transition. The apparent width 6 for this fourth overtone level is approximately 200 cm -I.
The aesthetic appeal of the HOOH system results, in part, from it being a tetraatomic species for which there are few enough degrees offreedom such that the potential exists for making detailed theoreticallexperimental comparisons. Also, prior to our work, there exist the results of numerous spectroscopic 7 and structural 8 investigations of hydrogen peroxide which are valuable to the present study. The types of studies which are most salient to the present work include elucidation of the (OH-stretch) ground state torsional potential, 9 some spectral assignments of the fourth overtone predissociation features by Crim's group, 6(b) and photodissociation studies of the higher lying (repulsive) electronic states by Bersohn's group and by Klee et al. lo There is an implicit simplification in coming to understand the dynamics of overtone-initiated reactions since the dissociation proceeds exclusively on the ground electronic surface and correlates to the lowest electronic configuration of the OH radical products. II Surface crossing and the associated non-BornOppenheimer wave functions are not an added complication to the interpretation of experimental results. Classical trajectory studies by Uzer, Hynes, and Reinhardt l2 have provided an enlightening description of a method by which energy redistributes from the LM to the reaction coordinate on the ground state surface of HOOH.
A practical appeal has to do with the reasonably low electronic ground state dissociation energy (Do = 49.6 kcall mol),13 which allows direct overtone pumping of the OH stretching mode facilitating studies of the ensuent reaction. Such excitation energies are readily accessible to amplified picosecond laser systems, thus enabling the measurements to be made. The product states of OH(X 2 11 n ) fragment can also be probed using amplified picosecond pulses at UV wavelengths.
The remainder of this paper is structured in the following manner. A detailed description of our method for extension of the time domain for the overtone-pump LIF-probe technique and its application to the HOOH system is given in Sec. II. This will be followed by a presentation of some spectroscopic phenomenology (Sec. III) and the experimental results in Sec. IV which manifest the effect of the variation of the initially prepared state(s) on the subsequent reaction dynamics. Finally, in Sec. V we discuss the significant experimental observations of the product quasibiexponential buildup and the nonmonotonic behavior of the rate of molecular dissociation with respect to laser excitation energy. The results will be compared with statistical rate calculations and nonstatistical reaction theories. This will include an elaboration on the implications of conformity of the calculated results to the room temperature experimental data.
II. EXPERIMENTAL
The experimental arrangement essentially consists of four parts: (A) picosecond pulse generation, amplification and characterization; (B) the optical interferometer, gas cell, and laser induced fluorescence (LIF) detection scheme; (C) the HOOH sample and OH resonance calibration; and (D) the details of the methods used for signal acquisition and averaging, and data (also called transient) processing.
A. Two-color picosecond pulse generation and characterization
The picosecond pulses used in this study are produced by the synchronously pumped dye laser system depicted schematically in Fig. 2 . The pulse initiation source is a Nd:YAG laser which is mode locked using a stabilized l4 acousto-optic modulator as the loss modulation element. The 532. nm output of the Y AG laser (82 MHz rep. rate, < 80 ps pulses, 800 mw power, 10 nJ/pulse) synchronously pumps two cavity-length matched R6G dye lasers. The first dye laser (DLl) contains a three-plate birefringent filter as the tuning element, while the second dye laser (DL2) utilizes an identical three-plate birefringent filter as well as a FIG. 2. The experimental arrangement. Three essential parts: (i) Laser system, oscillator, amplifiers, real-time pulse diagnostics; (ii) interferometer arrangement; (iii) gas phase bulb and the molecular beam apparatus. The abbreviated terms are explained in the text. The heavy borders represent the outlines of the optical tables. Amplifier 2 is essentially the same as amplifier number 1. The arrow labeled "to molecular beam" is in reference to the preceeding and subsequent papers in this series, and for peroxide experiments in progress.
fine etalon (40 GHz cw bandpass) as tuning elements. Output couplers of 30% transmissibility are used in both lasers to ensure good pulse formation via mode competition. 15 The output of the first dye laser (82 MHz, 6-7 ps Gaussian pulses, 50 mw average power, 1 nJ/pulse, approximately transform limited) is amplified in a three-stage (homebuilt) pulsed dye amplifier with a Q-switched Nd:YAG laser (20 Hz, 3.5 ns pulse, 200-250 mJ/pulse at 532 nm) as a pump source. The second dye laser's output ( 11 ps Gaussian pulses, 40 mw average power, approximately transform limited) is amplified in a separate, but essentially identical, three-stage dye amplifier pumped by the same Q-switched laser. The synchronization of the YAG Q switching and the arrival of the dye laser picosecond pulse at the amplifiers is suitably adjusted for maximum amplified power by way of electronic and optical delays. Each dye amplifier consists of two transversely pumped dye stages and a final counter propagating longitudinally pumped dye cell. The cells are isolated by spatial filters to discriminate against amplified spontaneous emission and to facilitate wavelength tunability. The optics design maintains the TEMoo mode of the synch-pump laser through the amplifier. In the third amplification stage, the longitudinal pumping causes the output mode to take on the "doughnut" transverse mode of the Qswitched laser. The picosecond beam diameter is increased in each succeeding dye stage to prevent nonlinear distortions (e.g., dielectric breakdown, self-phase modulation) from broadening the pulse in time or frequency. The linear group velocity dispersion, caused by the wavelength dependent change in the index of refraction of the optics and dye medium, contributes approximately 2 ps (assumed Gaussian), in convolution with the input pulse width, to the time duration of the amplified pulses. The output pulses of the dye amplifiers (20 Hz, 6.6 or 11.2 ps, 0.5 mJ/pulse) are injected into the optical arrangement for the delay line and are split offfor pulse characterization.
The oscillator dye laser pulses and the amplified pulses are analyzed in time using background-free second harmonic generation (SHG)16 and in frequency by monitoring the bandwidth. A real-time autocorrelator is used to aid in the adjustment ofthe dye laser cavity lengths and is also used to obtain signal-averaged autocorrelations for pulse analysis. This home-built spinning-block design also allows for the measurement of the cross correlation of the two dye lasers. The amplified pulse autocorrelations are acquired using a stepper motor variable delay interferometer which makes repetitive-scan signal averaging possible. It is found that the oscillator and amplified pulses are essentially equivalent in the present laser configuration, that is, the amplifier is not (appreciably) broadening or distorting the picosecond pulses in time or frequency. The acquired autocorrelations are deconvoluted with symmetric Lorentzian, Gaussian, or sech model functions for the pulse duration using a nonlinear least-squares fitting routine. It should be noted that such symmetric model functions are only a convenient approximation to the true pulse shape. 17 If a log plot of the autocorrelation data shows evidence for the existence of another component, an additional deconvolution is performed for t~e noise burst model 18 --coherence spike. 19 This precaution was unnecessary, however, for the present experimental arrangement of tuning elements. The oscillator and amplified pulse cross correlations may be obtained with the same experimental arrangements and their measurement involves only minor alignment adjustments. These cross correlations are deconvolved using the respective autocorrelation information and a symmetric model function to account for the pulse jitter. 20 It may be noted that the amplification process does not adversely affect the modeled jitter. Figure 3 displays typical auto-and cross correlations obtained by background free sum frequency generation. The cross correlation is deconvoluted with a 6.6 ps Gaussian pulse (obtained from the autocorrelation of 0 L 1 ) and yields a 11.5 ps Gaussian component. This second contribution is very similar to the 11.2 ps Gaussian pulse width obtained form the autocorrelation of the second dye lasser. The contribution from the cross-correlation jitter is < 3 ps in this FIG. 3. Auto-and cross correlations of the amplified pulses. The correlation functions are generated by sum frequency generation, as seen in the lower portion of Fig. 2 , utilizing the scanning interferometer arrangement of Fig. 2 . The fitted autocorrelation pulse width is Tp = 6.6 ps FWHM Gaussian, cross correlation fitted pulse widths (Gaussian) are Tpi = 6.6 ps and Tp, = 11.5 ps which is very similar to the autocorrelation ofDY2 (not shown) of 11.2 ps. The ratio of amplitudes for the contributions to the cross is equal to I.
case. This value is small in comparison to the pulse widths, and is perhaps also (partially) due to the assumption that the pulse may be represented by a symmetric model function. Bandwidth measurements are performed using a Spex 0.75 m monochrometer, which has 0.25 cm -I spectral resolution at 600 nm for 20 pm slits. The pulse bandwidths are fit with a Gaussian functional form and are deconvoluted for the monochrometer resolution. It is found that the oscillator and amplified bandwidths for DLI are equivalent and are 2.6 cm-I at 607.5 nm while the bandwidth of DL2 is 2.8 cm -I at 303.75 nm. This gives a pulse duration-bandwidth product of 0.50 for DLl, as compared to the transform limit of 0.441 for minimum uncertainty (Gaussian) pulses. 16 B. Pump-probe arrangement
Visible pump-UV probe
The optical scheme, as represented in the remaining portion of Fig. 2 , consists of an optical interferometer arrangement in which the amplified outputs of DLl and DL2 enter the fixed and variable delay arms, respectively. The pump beam of200 p] pulse energy at the sample is focused to a 0.25-0.5 mm spot size. The probe light (DL2) is generated using a KDP crystal to frequency double the laser fundamental. The second harmonic beam enters the variable delay arm of the interferometer, which (usually) contains a beamsplitter, a corner cube on a stepper motor actuated translation stage and a zero degree retroreflector to double pass the beam through the scanning corner cube. This double pass arrangement facilitates long scans (2.5 ns) and ensures beam positioning accuracy when the arrangement is properly aligned. Figure 2 shows an arrangement for a single-pass through the corner cube. This is done for the purpose of enhanced visual clarity, and is an alternative experimental scheme. The delayed beam passes through the beamsplitter, is analyzed with a Glan-Taylor polarizer and is rotated by a half-wave plate. This optical arrangement allows making the relative pump-probe polarizations parallel or perpendicular for the various measurements. Placing the waveplate after the analyzer allows polarization changes to be made without significantly disturbing the beam overlap. This arrangement obtains extinction ratios of ;;;. 20: 1. The probe beam is focused separately from the pump beam to a diameter of 0.25-0.5 mm and is attenuated to < 0.25 p] pulse energy. The beams are recombined with a dichroic reflector, are carefully adjusted to be collinear and propagate through the HOOH/LIF cell. Independent focusing enables one to position the pump and probe beam waists at the fluorescence cell viewing window and match the spot sizes. Chromatic aberation of these two (infinite conjugate ratio) beams does not allow one lens to do this effectively while maintaining a reasonable spot size.
The system response function is obtained by generation of the difference frequency signal 21 between the pump and probe beams under time delay conditions identical to those for a given experimental transient. The collinear beam condition employed satisfies 22 a k vector matching condition of the form !:J." = 0 = "I + "2 -"3' where "3 represents the wave vector for the beam from DL2, "I is that from DLl, and "2 is that associated with the difference frequency beam.
This light is monitored slightly off-axis of the DLl and DL2 beams since it cannot be preferentially selected by spectral or polarization discrimination methods. The extreme divergence of this beam results from the chromatic aberation of focusing into the nonlinear crystal with a single lens. The same interferometer as described above is used to generate the pump-probe cross correlations. The changes in the optical arrangement involve rotation of the half-wave plate and analyzer to produce perpendicular relative polarizations of the beams, appropriate attenuation of the pump and probe beams to avoid damaging the nonlinear crystal while maintaining the same relative time delay (i.e., time zero is not shifted), and inserting a plane mirror before the sample cell to direct the beams into a 1.5 mm Lil0 3 crystal. The difference frequency beam is monitored with a photodiode, and the signal is recorded as the delay-line scans over the identical range as for the corresponding experimental transient. The observed response functions are shorter (in time) than the corresponding cross correlations of the two visible beams since the pulse from DL2 has been frequency doubled. The shape of the second harmonic pulse is proportional to the square of the e field, causing the pulse duration (for a trans-form limited pulse and no group velocity dispersion contribution) to become ::::;,fi shorter.
UV pump-UV probe
An alternative pump scheme was used which involves the same probe arrangement but differs in that the pump wavelength is 282 nm. This is done for the purpose of probing the dissociative electronic state for comparison with the direct overtone excitation scheme. The generation of this light involves inserting a methane Raman shifter in the path ofDLI (along with appropriate focusing and recollimating lenses), mixing the resultant anti-Stokes shifted light with the fundamental frequency in another KDP crystal (sum frequency generation) . An appropriate set of dichroic beamsplitters and recombiners send this new pump beam along the fixed delay path of the formerly visible pump beam. Similar overlap and beam waist position criteria to those described above are used for lens and recombiner positioning. The response function for this UV pump scheme is not readily obtainable by difference frequency generation since this entails the detection of 3000 cm -1 light-we were not equiped with the necessary (e.g., Ge) detector.
Several other pump-probe schemes are possible-the essential difference lying in the method of generation of the specific frequencies oflight required in the particular experiment of interest. The common factor remains the utilization of the scanning delay line interferometer.
C. Sample preparation and signal acquisition
There are several considerations involved in the design of the sample cell. Since HOOH catalytically decomposes on metal surfaces, the construction materials consist exclusively of glass and Teflon. A flowing vapor cell is necessary to replenish the sample in the observation region and to minimize the effects of wall decomposition. A capacitance manometer (MKS Instruments Baratron 222BA) is used to monitor the pressure and thereby regulate the rate of OH quenching 23 • 24 and ensure that the observed transients are not distorted by an extreme pressure condition. Finally, the cell must be designed to effectively discriminate against scattered laser light, in particular that which is derived from the probe beam. The pump light may be filtered (Coming 7-54) before the PMT detector. The probe light, however, is more troublesome in that the LIF is monitored for the resonance fluorescence-filtering is not possible. Extensive light baffling of the probe light within the cell was a feasible solution. As may be seen in Fig. 2 , several black Teflon light batHes are incorporated into the cell.
The OH LIF is detected at right angles through a fused silica viewing window. The emission is collected and collimated with anf II plano-convex lens and focused with af 12 lens onto a 2 mm slit. The transmitted light is refocused by anf 11.5 lens onto a 7.5 mm slit which is located just before the detecting high gain PMT (EMI 9635QB). The several slit aperatures further reduce the amount of scattered laser light and a filter (7-54) in front ofthe PMT removes essentially all of the visible beam scatter.
The HOOH sample (70%, FMC Corp.) is extensively degassed by repeated freeze-pump-thaw cycles before being used. The pressure in the cell is regulated by adjusting a Teflon needle valve which separates the sample holder from the cell's main body. The cell is actively pumped on (cryotrapped stokes pump) to establish HOOH flow through the fluorescence viewing region to prevent the accumulation of the photo-and wall dissociation products. Tuning into the A 2:t .... x 2 n n OH resonance transition of interest is most easily done using a (Bunsen) burner flame as an OH radical source. 24 The dye laser wavelength is adjusted while monitoring the LIF signal from the flame source with a filtered (7-54) PMT (Hamamatsu IP28a).
The observed photoproduct OH LIF signal level is expected to be low because of several contributing factors; the absorpting cross section for this transition to the fourth overtone « 10-23 cm
2 ) and the sample number density are small. In addition, the picosecond pulse energy is ::::; I % that of the nanosecond pulses used in Ref. 6 . Therefore, less than one detectable event per laser pulse is anticipated, indicating the suitability of a single photon counting detection scheme. The Q-switched Y AG pulse is monitored with a fast photodiode (H.P. 5082-4220), amplified in an inverting amplifier (H.P. 461A), discriminated (Ortec 473A), and used for the start input signal of a time-to-amplitude converter (Ortex 457 TAC). The output of the EMI PMTis amplified (Comlinear CLClOO), passes through a 130 ns delay, is fed into a differential discriminator (Ortec 583), and is used as the stop pulse of the T AC. The delay serves to prevent the T AC from registering the scattered light events. The detection window for the T AC is adjusted to be I f.Ls (duty cycle: 0.002%) to maximize the number of countable events and still maintain good discrimination with respect to the tube dark counts ( < 100 events per second, uncooled). In this detection scheme the signal event rate must be less than the pulse repetition rate to avoid biased sampling problems, therefore, maximum experimental count rates were maintained to < 4 counts per second for this 20 pps laser system. For the case of uncorrelated photon statistics (Poisson), two photon biased sampling events would occur at most 6% of the time.
D. Signal processing
The signal is accumulated in an MCA (Tracor Northern 1706) whose channel advance is synchronized to the variable delay line stepper motor controller. The accumulated transient is transfered to a minicomputer (MDB PDPIl! 23 + ) for storage and further processing. The maximum accumulated signal level in a given channel of the 512 channel memory is typically 250 counts per scan-only one quarter of this consititutes a background signal. Accordingly, a maximum SIN ratio for Poisson noise statistics is 13:1. Some of the experimental noise is systematic causing the SI N ratio to be somewhat less. The transients which are presented herein are data which have been smoothed using a three point Gaussian weighting function. This enhances the transient SIN but has no effect on the fitting parameters.
Transients are fit with a single or biexponential model function of the form
which includes convolution with the intergrated system response function, Iresp (t) . (See the preceeding paper2 for additional details). A nonlinear least-squares curve fitting routine 25 is used for the analysis of the experimental data to extract the state lifetimes and preexponential factors. Pulse widths may be determined from auto and cross correlations by using a variation of this routine.
III. SPECTROSCOPIC PHENOMENOLOGY
This section will acquaint the reader with the essential nomenclature for the HOOH and OH systems which will be used in the subsequent sections of this paper.
Preparation of a pure local-mode (LM) state requires that several rather exacting experimental factors be simultaneously attained. The bandwidth of the laser must be broad enough to span all of the molecular eigenstates which contribute to the formation of the local-mode coherent superposition state. The bandwidth should, however, not be so broad that additional states which do not contribute to the superposition state of interest are optically excited. The pulse duration must be sufficiently short to prepare the desired state and to be able to measure the subsequent dynamical evolution (dephasing). Our use of the work "local-mode" (LM) state is to indicate that the pump laser is tuned within the absorption band of the OH stretch, identified by the use of the Birge-Sponer relationship, as a local mode with a fundamental frequency of 3701 cm -I and a diagonal anharmocicity of -90.5 cm-I . 6(a)
The spectroscopy of HOOH at V OH = 5,6, has been studied in Crim's group,6(b) and has built on the prelaser studies concerning the nature of the infrared absorption spectum of hydrogen peroxide.
9 Specifically, these developments include detailed modeling studies of the V OH = 5,6 gas phase "predissociation" spectra,6(b) and have provided insight into the nature of the vibrational spectral features. Of particular interest to the work presented in this paper is the apparent success of adiabatically separating the OH stretch from the molecular torsional motion (in a manner analogous to the Born-Oppenheimer approximation), making possible the assignment of some of the more prominent spectral features. This has allowed the identification of three types of vibrational features (all of which have associated rotational structure) in the main fourth overtone absorption (i.e., predissociation) region, those due to: (1) pure overtone excitation; (2) hot band transitions involving the torsional motion; and (3) excitation features which include both 0-0 stretch (v 3) and torsional hot bands. It should be reiterated that such high internal energy spectral features are prominent in the V OH = 5 predissociation spectrum because the zero point of this transition is 1100 cm -I below the Do value of HOOH. Hence, the transition features which presumably dominate the true absorption spectrum 26 are those which originate from appreciably populated ground state levels (Boltzmann distribution) and are not observed to be predominant in the fourth overtone predissociation spectrum.
The spectroscopy of the hydroxyl radical has been extensively studied 27 and is well understood, in contrast to the degree of knowledge of the overtone levels of HOOH. The dissociation products are formed in the two spin--orbit manifolds (n =!, ~) of the X 2II~ electronic ground state and may undergo transitions to the two types of spin-rotation states (F 1 and F 2 ) of the A 2l; excited electronic state. The angular momentum quantum number N excludes the spin angular momentum (S = ± p, and the total angular momentum is denoted by J, where J = S + N. Further characterization of these states is given by A = ( ± ), which describes orbital-rotation interactions. Because of the quasidegeneracy of the F states, the usual P, Q, and R transitions are further labeled according to the type of F levels (lor 2) involved. The initial (in the II3/2 state) N quantum number is represented enclosed in the parentheses, e.g., QI (1) for N = 1. For more details see the paper by Dieke and Crosswhite. 27 Since the spectral bandwidth of the probe laser is a few wave numbers in extent the e.g., QI (1) and (the satellite branch) Q2J (1) transitions are not distinguishable. This does not cause a problem in interpretation, however, because these transitions originate from the same n,N,A ground state level.
In performing polarization studies it is important to understand the degree of correlation between fragment angular momenta and the recoil velocity axis (this will not be detailed here). Time-integrated polarization experiments have been elegantly demonstrated on this and other related systems. 28 Only preliminary results of time-dependent polarization studies are presented herein. Relevant spectroscopic parameters of HOOH and OH are given in Table I. IV. RESULTS A and the probe transition Q I ( 1 ), with fitted time constants of1'l = 54 ± 7 psand 72 = 410 ± 50ps, where! = 0.37. The notable features are that both transients exhibit quasibiexponential buildup behavior and that the values for the fraction differ considerably between these transients. The only essential difference in experimental conditions for the two measurements is the alteration of the pump wavelength. The variation in the fraction qualitatively follows the oscillations in the lifetimes-a smaller value for the fraction is seen in conjunction with longer time constants. It is interesting to note that a small change in the excitation energy results in dramatic changes in the transient behavior. This point will be analyzed in greater detail below and in the Discussion section. In general it has been found that each of the ob- served transients corresponding to the N = 1,2 OH transitions may be modeled as a rising biexponential buildup of the OH photoproduct. All of the results to be reported are for parallel pump-probe polarizations, unless otherwise specificially indicated.
A. Fourth overtone predissociatlon studies

Pump wavelength and polarization dependences
A more detailed analysis is presented in Fig. 5 (a) which shows an expanded scan of the initial component of the 6142.5 A pump QI (1) probe transition. The system response function is also displayed to indicate the substantial difference between the fast buildup and the response. Both the transient and the cross correlation correspond to exactly the same scan range. The t = 0 of the response function is seen to occur substantially earlier than the half-maximal value of the transient signal level. This clearly illustrates that the fast component has a substantially longer lifetime than the duration of the system response. The response displayed in the figure is used in fitting the experimental transient. The fitted exponential lifetime for this initial portion of the quasibiexponential buildup [seen in Fig. 5(a) ] is 75 ± 5 ps. This is in good agreement with the lifetime obtained from the long delay-time scans. The response function is determined to have a Gaussian functional form with, approximately, a 10 ps FWHM. The shape is actually slightly asymmetric reflecting the asymmetry of the oscillator pulse (s) .
In addition to the greater portion of the data being for parallel pump-probe polarizations, several transients with perpendicular polarizations were obtained. Performing these II and 1 polarization studies with the same experimental conditions yields a result on the transients (not yield) since identical parameter values, within the fitting errors, are obtained. Since the effective B constant ( ¥ ) is about 0.86 cm -I and (J) z 23 for the molecules with sufficient energy to undergo dissociation, the period for the rotational motion associated with the largest moment of inertia is on the order of a picosecond or less. This is substantially faster than the most rapid observed rate of dissociation. Experiments using proper geometry for anisotropy detection 28 are in progress.
The effects of variations of the specific pump excitation wavelength on the N = 1 transient behavior are compiled in Table II . The different pump excitation energies (hv pump ) cause the prompt components of the biexponential rises to change in duration in a nonmonotonic fashion. The long components change in a similar manner but not necessarily by a uniformly proportional amount, the only exception to this trend being the transient associated with the PI ( 1 ) transition. It may be noticed that there is a strong correlation for the two lifetime components in that they become longer or shorter together. The table also lists the fraction. There is a correlation of the value of the fraction with the trends seen for the lifetimes; the smallest value for the fraction occurs in conjunction with the shorter time constants. The pump-energy selective dissociation rates as well as a predissociation spectrum adapted from Ref. 6 is shown in Fig. 6 . This figure makes manifest the close correlation between the two time constants and the fraction at each excitation wavelength. It is not as straightforward to associate specific spectral features with the observed lifetimes. This issue of the transient dependence on the pump wavelength will be addressed more completely in the discussion section by comparing the ob- Table II. served behavior with the results of statistical rate/spectral model studies.
Probing different OH states
The results for the N = 2 Q-branch transitions show markedly different behavior than the N = I transitions for the same pump laser excitation wavelength. The short and the long lifetimes are somewhat different than the corresponding N = I results, the long time constant having changed by a more significant amount. The most dramatic difference is found in the change in the value of the fraction from about 0.4 to more than 0.7 in both cases (the precision of the individual results is about ± 0.05). The experimental result is shown in Fig. 7 . The difference between this N = 2 result and the results shown in Fig. 4 are quite clear-the value for the fraction has changed significantly. The differ- ence between the QI (1) and the QI (2) may be qualitatively understood in that some of those states closest to the barrier which form the N = 1 product may not be sufficiently energetic to form the N = 2 product.
In comparing the observed parameter of the Q-branch probe transitions with those for the R -branch transitions for the same pump wavelength, it is found that they are essentially equivalent, for the precision of the measurements. Within the limits of sensitivity of these experiments and for N = 1 there does not appear to be a A quantum number dependence for the time constants or fractions.
B. Diagnostic studies t. Collison-free conditIons
Several different control or diagnostic experiments must be performed to aid in the interpretation of the primary stud- ies. Assurance that the results are collision-free for the duration of experimental interest (3 ns) is presented in Fig. 8 (a) The early-time deviation from a single exponential decay indicates the degree of over counting of the early bins, which may occur in single photon counting detection schemes. The T AC can process at most one event per laser shot. The pulse height distribution becomes skewed to early time when the event rate becomes too large. Since the OH lifetime signal was accumulated at the maximum pump-probe time delay, and hence maximum signal level, the small amount of over counting seen ( < 5% of the total intergrated signal) has no significantly measurable (for the observed SIN) saturation effect on the transient. In general, the Baratron was used to monitor the cell pressure, which was maintained at 0;;;;250 mTorr, ensuring a collision-free environment for all measurements. The decay of Fig. 8(a) is therefore a worst case condition in terms of mean time between collisions. The time scale being considered here is much longer than the pump-probe picosecond delay time scale.
Power dependence and two-photon processes
The power dependence of the OH LIF signal on the pump field intensity has been determined and Fig. 8(b) shows that the behavior is linear (the slope is equal to one within the experimental error). This is consistent with the picture that the fourth overtone is actually being interogat- ed, and that the dynamics are not representative of some pumping scheme (e.g., two-photon to dissociation) which causes dissociation via a repulsive higher lying potential energy surfaces(s) of HOOH. 6 ,1O If the pump pulses are blocked, a steady state background (usually <25% of the total signal) remains. The background signal is reflected in the non-zero intercept in Fig. 8(b) . This signal stems from the probe pulse interogation of a dissociative electronic state of HOOH and the same pulse probing the OH products formed.
A power dependence study of the probe field is performed to determine whether the behavior is consistent with the proposed mechanism of Fig. 1 . The results of the UV beam intensity dependence study are presented in Fig. 8 (c) . The UV alone signal is subtracted from the total signal level at each point. This signal is time independent since it depends only on the presence of the probe pulse, and it does not contribute to the observed transient behavior. Furthermore, the pump-probe signal cannot be due to wall decomposition of HOOH since this would also result in a time independent signal. Blocking the probe beam shows that there is no observable signal from the pump field alone. The presence of this pump field only effect was examined at all of the different pump wavelengths used-such a two-photon signal has not been observed.
Verification that the LIF signal is due to OH is established by tuning the probe laser off-resonance of a specific 2l; +-2IT OH transition and observing the signal disappear. Closing off the Teflon needle valve, which then isolates the HOOH reservior from the fluorescence viewing region of the cell, and evacuating the cell eliminates the LIF signal. The power dependence and other diagnostics show that the observed signal is consistent with the scheme of pump excitation of HOOH (V OH = 5) and subsequent probe beam interrogation of the OH photodissociation product. This is further confirmed by the results of Sec. IV A 3. below.
Excited electronic state Interrogation
The transient behavior which results from direct excitation of a dissociative electronic state of HOOH is useful for the interpretation of the constituent nature of the two components of the biexponential transient buildup. An alternative experimental arrangement is required for this study.30 Since UV light of ...1.<300 nm is required to make the transition with a reasonable absorption cross section 7 (in order to obtain a useful degree of enhancement), a Raman shifting method (involving CH 4 ) is employed to generate antiStokes shifted ( + 2914 cm -I) light of the fundamental frequency of DLI. The mixed light (anti-Stokes shifted plus fundamental) of282 nm is generated as the new pump field, while the probe frequency is maintained in resonance with the QI ( 1) OH transition. Figure 5 (b) shows the resultant transient to be a single exponential rise which has a time constant ofless than 8 ps-there is no long component present. Even though the pump wavelength is somewhat different than twice the frequency of the visible overtone pump field, it is seen that the transient shape and the single lifetime component differs substantially from those of Fig. 4 . For the sake of making a clear distinction of the difference in the transient behavior due to visible or UV proton dissociation ofHOOH, it may be recalled that Fig. 5(a) is an expanded view of the initial buildup of 6142.5 A pump QI (1) probe transient. The abscissa of the UV pump transient has the same scale calibration as Fig. 5 (a) but the time-zero is different for the two plots. It is clear that the prompt reaction rates for overtone predissociation and direct dissociation are extremely different, especially when taking into account the fact that the response functions only differ by about 25% [see the rise of the signal in Fig. 5 (b) ] .
It has been previously mentioned (Experimental section) that the response function for the UV-pump-UVprobe transient is not directly obtainable. A deconvolution of this transient with a (simulated) 9 ps Gaussian response yields, unlike all of the visible pump transients, a single exponential buildup with a lifetime of the same order as the response duration, that is 7<8 ps. This number is an upperbound, and is consistent with earlier work 10,28 which deduces the lifetime from alignment experiments for excitations of 248 or 266 nm. Further studies, similar to those reported in Ref. 31 (femtosecond photofragment spectroscopy), are in progress to give more precise measurements for the HOOH excited electronic state lifetimes into specific A,N,n product states. The main conclusion to be reached from this study is that the time-dependent behavior of the excited electronic state is quite different from that observed for direct overtone pumping and that this (along with the power dependences) is conclusive in showing that the (visible excitation) transients are not due to some sort of multiphoton effect of the pump field.
V. DISCUSSION
The preceding exposition of the overtone pump experimental results indicate three important observations. First, the product buildup rates are quasibiexponential. Second, these same rates (and the fraction) behave nonmonotonically with respect to changes in the pump wavelength. Third, the contribution of the dissociation time constants(s) to the linewidth (only 0.05-0.15 cm -1) is several orders of magnitude less than the apparent width. This section will be devoted to gaining further insight into the significance of these observations and the dynamics which they reflect. The aim will be to determine the degree of applicability of statistical and nonstatistical theories in explanation of the results. The first part of the discussion will be concerned with the source of the biexponential transient behavior. The second portion of this section will be devoted to understanding the unique energy dependence of the transients. In the final part of the discussion, some remarks are made comparing the results of linewidth studies to the real-time measurements oflVR and reaction rate.
A. Quasibiexponential behavior
To begin the discussion suppose, for the moment, that the lack of available spectral information is such that spectral transition frequencies and states cannot be assigned. If the intramolecular dynamical behavior is considered to be statistical then the expected unimolecular reaction behavior is expected to conform to a single exponential decay rate. Conventionally, the averaged rate constant is related to the microcanonical rate constants k(Ex) by the expression 32 (2) Q Jo where Q is the vibrational partition function, E refers to a given thermal energy, Ex is the excess vibrational energy, andp(E) is the state density. In general, k(Ex) may be evaluated using the RRKM expression or some variation thereof. In the simplest form
(k(T,E x » =~ (00 k(E+Ex)p(E)'e<-ElkBn dE ,
where A and B are constants. The resultant rate of product formation is embodied in the single (average) exponential rate constant.
Two causes for the deviation of the experimental results from such single exponential behavior may now be realized. Firstly, the probability of mode occupation following the overtone excitation is no longer related to the internal temperature by a Boltzmann distribution. Secondly, the nonexponential behavior may stem from a division of the rovibrational phase space of the molecule.
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The division creates two (or more) classes of initial states which are distinguishable by their associated reaction rate behavior. Our observation ofbiexponential behavior could, therefore, be related to nonstatistical behavior provided one exludes the effects of proper thermal averaging and thermal state distributions. In what follows, such effects will be carefully examined to elucidate the implications for the resultant behavior.
Thermally averaged rate
To begin, consider the microcanonical rate constant (k MC ) to be that which is defined by the well known RRKM expression
where Ni.J is the state count in the critical configuration for the given model of the reaction with energy E * = E -Eo (for J = 0) above the critical energy for reaction, p EJ is the state density in the reactant. The probability at time t of having formed a specific product from molecules excited to the fourth overtone level is obtained by averaging the microcanonical RRKM rates of reaction over the internal energy distribution, and may be expressed by
which is then evaluated as a function of time to obtain the transient waveform. The original energy andJ distributions, the associated Boltzmann distribution and state density are contained in P~, while PN (EJ) is the probability that the system is in any of the final quantum states (product state distributions) .
In performing the calculations for HOOH, the values for the microcanonical rate constants, k MC (EJ), were determined by combining the value for the number of states in the critical configuration (Nt) for a loose transition state, phase space theory (PST), calculation with the density of reactant states obtained from a direct state-count routine. The reader is referred to Table I for some details of the parameters used in the calculations (see Sec. V B below and the preceeding paper 2 for a discussion of PST) . Table III , show the same relative trends as the experimental Q1 (1) and Q2 (2) results. The fast and slow component lifetimes for the N = 2 transient are shorter than for N = 1 and the contribution of the fast component to the total amplitUde becomes larger (i.e., the fraction increases). The calculation was performed for laser excitation energy of 16 255 cm -1 which is equivalent to the 0-0 transition frequency determined from a Birge-Sponer plot. 6 The barrier to dissociation is 1100 cm -1 above this value, so only molecules in the tail of the thermal distribution are potentially reactive. The OH product state distribution, which is obtained as a by-product of this calculation, is typically peaked at N = 1 and is (generally) a monotonically decreasing function of N. The experimentally measured product state distribution 6 is peaked at N = 1 and The time scale for all ofthe transients is half that of Fig. 4 . This is done to aid the distinction of the curves near the breaks for the two components of the quasibiexponential behavior. The results of the biexponential model fitting are given in Table III. P N is also monotonically decreasing with increasing N. It is interesting that the thermal average of the microcanonical rates and distributions give qualitative trends which agree with the experimentally measured rates and product state distributions.
Nonstatistical perspective
It was suggested in our earlier communication 5 that a divided vibrational phase space may also account for the observed quasibiexponential product buildup dynamics. This is similar to the resultant behavior of a model advanced for IVR by Perry et al. 32 Marcus and Hase have recently indicated that nonexponential behavior could be explained if the phase space of the molecule were divided in a way representative ofthe directness with which a (classical) trajectory crosses the transition state to dissociation. 33 The a priori assumption is that the phase space of the system is noncommunicating on some portion of the time scale of the measurement, such that this non-RRKM behavior becomes manifest.
A two part divided phase space model yields a biexponential decay of reactant systems. For illustration, assume the following scheme (see Refs. 32, 33 , and 39 for development of the model for the description ofIVR and reactions): + k3) ). k I and that the slower (RRKM) component is much different than the fast one, as discussed by Marcus. 33 This non-RRKM behavior is physically intuitive: at short times the phase space is divided and only the trajectories initiated in one portion thereof may cross the transition state, while at long times the system equilibrates and reaches the statistical limit behavior. The long time component observed in the present experiments falls in the range of 300 to 700 ps. In comparison, the fast component is 40-90 ps. It is therefore tempting to ascribe the biexponential transient behavior to nonstatistical effects, where the RRKM rates at these energies should be given by the values for the slow rise. Standard statistical calculations performed near the threshold yield values for the RRKM time constant close to the 300-700 ps range expected. Furthermore, at all energies of excitation the transient behavior is still biexponential and only the values of the rate constants change. One's exuberance must be restrained, however, because of the other possible explanations discussed herein.
In paper 111,34 the model of a divided phase space is used to account for the biexponential decay observed in the photodissociation of beam -cooled van der Waals molecules (this is interpreted as non-RRKM behavior). For that case the initial distribution (p~ ) is very narrow (beam experiment). The thermal conditions of the present study, however, make the analysis more difficult. To fully examine the specifics of such non-RRKM behavior it is desirable to rigorously specify the initially prepared state and the internal energy. This last point constitutes the efforts of work in progress.
Recently reported classical trajectory studies l2 of the intramolecular and dissociation dynamics of hydrogen peroxide excited to the fifth overtone level-one quantum higher than the present study-show evidence for incomplete (vibrational) energy redistribution on the time scale of reaction. This is quite interesting and lends support to the aforementioned divided phase space model. These calculations showed that most of the vibrations are strongly coupled (on the time scale ofthe reaction). The exception being the OH oscillator which is initially unexcited. The exact nature of the division of the phase space must await more complete calculations which include rotation-vibration coupling and which are performed using a more refined (perhaps ab initio) potential energy surface. It would be interesting to perform these calculations for energies near the threshold. For comparison with theory experimental investigations for V OH = 6 are in progress.
The next salient point to be understood is whether the nonmonotonic behavior ofthe rates with excess energy may be used to test for nonstatistical effects. An alternative issue is the effectiveness of statistical calculations (using the known spectral information) in simulating the same effects. These points shall be addressed in the following section.
B. Dependence of rates on photon energy
Coming to an understanding of fluctuations in the values of the reaction rates and fraction as a function of excitation energy is perhaps the more interesting of the two main issues which this Discussion section is intended to address. This is because the nonmonotonic behavior may reflect nonstatistical behavior. However, caution must be exercised since several explanations of the observed behavior are possible. These various interpretations will be investigated and the domain of their applicability examined, after discussing the effect of (conventional) thermal averaging.
Thermally averaged rates
To begin, assume that no transition frequency information is available. This implies transfering the ground state thermal distribution to the level of the fourth overtone. Consider the behavior which may be observed: (i) Sec. V A established that a quasibiexponential buildup behavior is to be expected; (ii) tuning the laser to greater energy (shorter wavelength) would have the effect of making the excited molecule acquire more internal energy, therefore, the expectation is for the reaction rates to increase monotonically with laser excitation energy. Intuitively, the state count in the transition state increases more rapidly than the state density (p EJ changes by a factor of 3 over 2500 cm -I beginning at 16 250 cm -I) in the reactant for a given /)E increase in the excitation energy. Therefore, the rate expression ofEq. (3) would be overall increasing with excitation energy. The expectation is for the rates to change monotonically with laser energy.
From the data for the initial component lifetime from Figs. 4 and 6 and Table II it may be seen that the behavior is hardly monotonic. Without invoking any further spectral knowledge concerning the fourth overtone it might be concluded that the behavior is nonstatistical. This conclusion, however, ignores the reality that excitation of different portions of an inhomogeneously broadened overtone band prepares different (in this case) initial distributions of states. The specifics of the excitation have a direct bearing on the subsequent unimolecular dynamics. Again, this nonstatistical mode-specific rate behavior may only be unequivocally demonstrated when the optical preparation is of a single (homogeneously broadened) spectroscopic state.
Effect of nonuniform state distribution
Now consider the resultant transient behavior, in the spirit of Eq. (4), for the case where the specific transition frequencies are still not known but the distribution of states excited to the fourth overtone level is non-Boltzmann. The idea is to examine the effect of enhancing (or diminishing) some portion of the tail of the probability distribution by generating the corresponding transient. In the thermally averaged calculation, the average J of reacting molecules is ( J) = 23 while the average reactant state energy above the (}-() transition energy (E ) ::::; 1700 cm -I (recall that the barrier height with respect to this same reference is 1100 cm -I ) . To simulate the effects of "hot" and "cold" nonthermal distributions, the (Boltzmann) distribution factor exp( -E IkB T) was changed to exp [(a -El/kBT) for the hot and cold distributions, respectively. The values for a are expressed in units of cm -I. The results are depicted in curves 2 and 3 of Fig. 9 , and the fitted values are in Table  III . Notice that by adjusting only the probability distribution the resultant transients (lifetimes as well as the fraction) are affected. One conclusion is that the specific variations in the distribution of optically prepared states may be the underlying cause of the experimentally observed fluctuations.
As a further illustration of the physical picture consider the model four level system-two ground states (1' and 2') optically coupled to two excited states. The latter two states ( 1 and 2) are sufficiently energetic to undergo reaction with rate constants k I and k 2 • The corresponding absorption coefficients are EI and E 2 • Ifthe reaction proceeds exclusively to products in state m then a biexponential product buildup is observed with the aforementioned rates and fraction Ell (E I + E 2 ). Now cosider that the two excited levels of this four level system become two sets of levels with reaction rates {kJI and {k)2 for reaction into the exclusive product quantum state m. Each absorption coefficient now refers to the respective set of levels. If there is no intersection of the two sets, and the members of each set are distributed such that the rates of one set are faster than the other, but within a set there is a distribution of rates, then preparation of one set or the other will result in a distribution of rates in the product buildup behavior. Ifboth sets of states are prepared and if the difference in rates between the two sets is larger than the extent of the distributions within the sets, then a quasibiexponential transient behavior will be observed. The fraction will be essentially the same as before.
Effect of rotations
Variation of the J value for a given reactant energy can have a pronoUtlced effect on the reaction rate especially near threshold. This is predicted by other statistical theories 3s as well. The conserved quantum numbers restrict the domain of the phase space (for the given E and J). The restriction imposedbyJaffectsN~.J andpEJ differently, therefore, the rate varies with J. The implication is that this variation may have a strong influence on the observed rates of reaction because the average value of J may differ for various portions of the action spectrum for the fourth overtone. This point will be investigated more carefully in the following section.
Effect of combined spectral and thermal distributions
The focus of this section is to attempt to simulate the experimental biexponential and nonmonotonic behavior of the rates. This will be done by explicitly considering the spectral and E,J distributions of the initial excitation to the fourth overtone. Crim and co-workers 6 (bl have considered the spectral consequences of making an adiabatic separation, in the spirit of the Born-Oppenheimer approximation, of the rapid OH stretching motion from the low frequency torsional motion about the 0-0 bond. Implementation of this method has allowed them to empirically fit the major features of the predissociation spectrum to: (i) hot band transitions of the torsional and/or 0-0 stretching mode; (ii) sequence band transitions; and (iii) combination bands of torsion with the aVOH = 5 overtone transition. It should be reiterated that these features would seem to be dominant in the predissociation spectrum since a zero-point transition to V OH = 5 (as determined from the HOOH Birge-Sponer plot 6 ) leaves the peroxide molecule 1100 cm-I below the barrier to dissociation.
Using their recently reported torsional potential parameters 6 (b) and the analogous parameters for the ground state, 9 we have evaluated the transition frequencies from the initial and final eigenvalues (relevant to the aV OH = 5 transition), which were calculated as the solutions of a tridiagonal matrix of difference equations. The eigenvectors then were obtained using the same numerical routine and applied in the determination of the associated transition intensities. The time integrated intensity of product formation into a specific OH product state N(O = D is given by where C is a constant (~), v is the transition frequency in cm -1 units and r is the torsional quantum number. The Boltzmann weighting factor for energy E and degeneracy terms are included in PIt, P N is the probability for formation of the OH product in state N, and A KJ are the HonlLondon factors for (as an approximation 6 ) 1 prolate symmetric top transitions.
Since the OH stretching and torsional motions are assumed to be separable, the transition moment may be decomposed into those portions with projections onto the stretch and torsional coordinates. The term for the square modulus can therefore be rewritten as I (v'I,ulv")(r'lr"W· This is in accord with the assumption of the OH overtone behaving as a LM state-that is ,utor,ion -0. It may now be seen that the intensity of hot band or combination transitions are dictated by the torsional mode overlap integral. The eigenvalues and therefore the transition frequencies indicate that there are three types of features in the fourth overtone band: (i) the spectral feature near 16 200 cm -1 (6173 A) is enhanced by contributions from V3 (0-0 stretch) hot band transitions; (ii) the region near 16240 cm-
enhanced by the presence of torsional hot band transitions; while (iii) the feature near 16300 cm-I (6134 A) is most prominent because this is the region with the highest density of allowed transitions which have sufficient energy for dissociation. This is elaborated more explicitly by the values of ( J) and (E vib ) listed in Table IV . The values for (E tot11l ) as a function oflaser excitation wavelength, which are not listed, fall in the range 1700 ± 100 cm -I above the lowest rovibrationallevel of the fourth overtone.
A classical phase space theory is invoked in the calculation of the rates and product state distributions (PSD), and is combined with the above described spectral analysis. PST gives P N for a given E and J. (The value of the C 6 parameter is O.546X 10 6 cm-I A6.)36 P N is evaluated for each specific transition allowed within the simulated laser bandwidth. The relative intensities of the formation of product into the The agreement is good enough to be able to discern the major features observed in the experimental spectra for N = 1,2, and 3. These results, which are highlighted in Table IV for different excitation energies, will be presented in more detail in another publication 37 (also see the Appendix). It suffices to say that the spectral simulation is faithful to the actual results and enhances the reliability of the simulated transients obtained below.
The time-dependent intensity of product formation into state N can be expressed, in analogy with Eq. (4), in a manner representative of the individual optically allowed transitions. Indexing these transitions by i and combining Eqs. (4) and (5) gives
where Mi = C I (v 'I,ulv") 121 (r'lr")i 1 2 , the laser bandwidth functional form L (8,v) is Gaussian, FWHM: 3.0 cm -I, P t; is the Boltzmann factor for the given E and J of the ith transition and k i (EJ) is the microcanonical rate for the ith transiton. For a simulated laser bandwidth of 3.0 cm -1 there are typically more than 100 possible optical transitions.
The form of the simulated transients are quasibiexponential rises (as opposed to single exponential), albeit there is a large diversity in the calculated behavior for the variously chosen transition energies v as listed in Table IV (see Fig. 10). There is some correlation between the experimentally measured fast component (Table II) values and show less correlation. It is expected that PST would yield lifetime results which are faster than the observed values. That the values differ by approximately a factor of 2 might not be surprising in that the transition state is being modeled as very loose. The question of the degree of "flexibility" of the transition state and its effect on the observed behavior (rates and product state distributions) is currently being investigated. 37 A final remark about the dependence of P (N,t) on N. In realizing the importance of considering discrete transitions for simulation of the experimental results, the question of the influence of the N quantum number on the observed OH product formation may be investigated. Analysis of the kinetics of reaction into the several product channels shows that if a single resonance is excited or reached by energy redistribution, then all products form with the same time constant (see paper I). While the rates are the same, the relative probabilities for the formation of specific product states do vary. In the present study it is not possible to excite a single resonance because of the wide distribution in E and J. The different energy and angular momentum constraints for the formation ofthe OH product in, e.g., N = 2 as compared to N = 1, for a distribution of reactant E and J values, changes the number of initial states which may correlate to this product. Such constraints will effect the product yield and the fraction and rates of the product buildup. This is most important in the case of a reaction which proceeds near threshold, it may not be a significant effect for sufficiently large E. Curve 5 of Fig. 9 shows the relative amplitude of the N = 2 thermal averaged product formation to be reduced in comparison with the N = 1 result. The fitting parameters are the same as curve 4, the exception being that curve 4 was normalized to the same final value (for the plotted range) as curve 1 to facilitate visual comparison.
c. Homogeneous IInewidth and IVR: "T 1 " and "T 2 "
In a molecule with a complex level structure it is important to define the origin of homogeneous broadening in order to interpret the observed spectral results and their impact on predissociation dynamics. A simple model for HOOH, which yields the intrinsic linewidth contributions from the different time-dependent intramolecular processes, can be described as follows. An optically active mode (in this case the OH overtone state tPs) couples to optically inactive bath modes, {tPI}' in the peroxide vibrational/rotational phase space. These states are in tum coupled to the dissociation "continuum" of OH product states (including translational motion). The coherent preparation of the molecular eigenstates (of the Hamiltonian H = Ho + V sI ) with a transform limited laser pulse produces the initial zeroth-order state tPs provided the laser bandwidth spans all relevant eigenstates. That is, the initially prepared superposition state in the diagonalized representation is
where the tPn are the molecular eigenstates with the coefficients C n • This initial nonstationary state ("packet") will evolve in time, the degree of evolution represented by 1 (tPs 1' 1' (1) W· The time scale for this dephasing is determined by the degree of coupling and the extent of the energy spread of the tPn. Following the dephasing, the states evolve by energy relaxation (in this case by predissociation) which leads to a decrease of the HOOH population and concomitant increase in the OH population. This picture is similar to the description advanced for IVR 39 and multiphoton processes, where "Tt and "T 2 " type processes are described.
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This model was used in paper J2 to describe the predissociation of NCNO. The HOOH predissociation, however, occurs on the ground state potential energy surface-therefore, only vibrational energy redistribution is required. With these ideas in mind, it may be understood that the action (or predissociation) spectrum linewidth, which is dominated by inhomogeneous effects, will have a more significant contribution from the dephasing behavior than from the energy relaxation effects. The value of this energy relaxation contribution is the Fourier transform of the rates of reaction measured in these experiments. The linewidth contributions from the dissociation vary from 0.05 to 0.15 cm-I (assuming a Lorentzian line shape), as determined from the fast component of the biexponential buildup. This addition to the linewidth, which is due to population relaxation, is very small compared to the inhomogeneous apparent width of 200 cm-I . Our experiments demonstrate that the OHstretch overtone band is definitely inhomogeneously broadened to a resolution of < 10 cm -I. Conversely, this gives an upper limit for the homogeneous broadening. These limits for the inhomogeneous and homogeneous broadenings were established by measuring the rates of OH product appearance as the laser (bandwidth 3 cm-I ) was scanned within the main overtone band region (see Fig. 6 ). The results of a recent study of the action spectrum of jet-cooled HOOH by Butler et al.41 is in agreement with the time-resolved results of Scherer et al.5 in that these jet spectra for the aV OH = 4 and aVoH = 6 overtone transitions show sharp features which are much narrower than the apparent linewidth for the room temperature spectra. 6 The spectra reported therein show the linewidth (instrument limited) to be approximately 0.08 and 1.5 cm -I for the transitions to the third and fifth overtones, respectively. The contribution of the population relaxation to the linewidth is not determined in their fifth overtone (aV OH = 6) results since time-resolved results are not yet available for this state.
The density of states of HOOH near threshold is about 10-200 depending on J. Iften states are effectively involved in the coupling, then the linewidth (due to energy relaxation) and level spacing are comparable. For higher densities the {II)} manifold is essentially a quasicontinuum. This is especially the case considering that the linewidth due to dephasing could be much larger than the 0.05-0.15 cm-I width. (It should be noted that the phase space is not necessarily composed of only a single II ) manifold; a requirement for obtaining nonstatistical behavior is that at least two subspaces are present, as discussed earlier, in Sec. V A 2.) In this limit of fast IVR, the measured picosecond transients give the predissociation rates.
Finally, the inhomogeneous width reported herein for a relatively small molecule might tum out to be general for large molecules. There is some evidence for inhomogeneous contributions to the LM transition in larger systems.
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Further pump-probe experiments are in progress to obtain energy relaxation and dephasing rates for V OH = 60fHOOH
(an other molecular systems) in a molecular beam to further understand the origin of homogeneous line broadening and IVR for high energy LM vibrational states.
VI. CONCLUSIONS
This paper, the second in the series, presents picosecond time-resolved studies of the overtone (V OH = 5) initiated unimolecular reaction HOOH + hv -+2 OH(D o = 49.6 kcal mol-I) and provides a detailed account of our previously communicated results. 5 The primary findings reported here are: (a) the measurement of the homogeneous contribution(s) to the linewidth; (b) observation and analysis of quasibiexponential and nonmonotonic in pump wavelength behaviors; and (c) determination of the significant difference in the rate(s) of dissociation for overtone and repulsive state excitation.
(a) The OH local-mode transition to the fourth overtone (V OH = 5) is inhomogeneously broadened. The apparent width is observed to be about 200 cm -I, while the predissociation rate contribution to the homogeneous width is 0.05-0.15 cm -I. The inhomogeneity of the spectra.is evident from the results of picosecond experiments which examined the variation of the transient behavior as a function of the excess vibrational energy (for excitation within the LM absorption band) in HOOH. The homogeneous contribution is determined from real-time measurements of the actual rate of OH product formation. The energy relaxation time (T 1 ) is 30 to 100 ps while the pure dephasing time (T;') is ;;;.0.5 ps.
(b) The time dependent behavior ofOH product formation (for each of the product rotational states studied) is (i) quasibiexponential and .(ii) nonmonotonic with respect to the pump laser wavelength. The experimental data is analyzed with two different perspectives in mind. First, the possibility of nonstatistical (non-RRKM) behavior is addressed and related to both of these observations; biexponential and nonmonotonic behaviors. In this case, a divided vibrational phase space is invoked and a simple kinetic model may be used to reproduce the biexponential behavior. Second, the initial thermal distribution and the inhomogenious nature of the spectral transitions within the laser bandwidth are incorporated into an analysis of the present studies. Considering the multitude of discrete transitions possible for a given laser bandwidth facilitates understanding the nonexponential and nonmonotonic behavior of the rates in the predissociation of HOOH at room temperature. Deciding whether these behaviors reflect nonstatistical dynamics or not must await the results of future beam experiments. Such molecular beam studies, similar in spirit to those of papers I and III, should allow for gaining an understanding of the photofragmentation in a state-to-state manner. Such measurements will also allow critical comparisons to be made with statistical theories and with the results obtained from the model calculations of Uzer, Hynes, and Reinhardt and others: Our goal in such experiments is to resolve the different timescales for IVR and predissociation, as discussed in the model given here.
(c) Experiments were performed wherein the OH fragments are produced following UV excitation of the peroxide, instead of reaction initiation by way of overtone (visible) excitation. The results indicate that, in constrast with the 30-100 ps buildup time (depending on pump wavelength) for the overtone predissociation, the UV initiated dissociation of HOOH may be modeled as a single exponential rise of .;;; 8 ps. This observation is consistent with the interpretation that the upper potential energy surface, reached via the UV excitation, is directly dissociative-repulsive in nature. These experimental results also provide a way (in addition to the other diagnostic experiments reported herein) to determine that the dynamics observed for the very weak absorption overtone transition are not due to a two-photon pump process.
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APPENDIX
The direct count method employed considers all of the bound torsional eigenstates, which are evaluated using the torsional potential parameters of Hunt et al. 9 and Dubal et al. 6 The torsional eigenvalues and eigenvectors are obtained by numerically solving the Schrodinger equation. The values for the terms of the kinetic energy prefactor a (X) and the potential V(X) are given in Table I for the ground and V OH = 5 torsional potentials. The issue of treating the hindered rotor levels above the torsional barrier was not considered here; only the torsional levels up to the (cis) barrier height are considered. Moreover, the issue of torsion-rotation interaction was ignored; this has the effect of maintaining the same values for the rotational constants for all states. The two rotational motions related to this prolate near symmetric top's Band C constants were treated as adiabatic rotations, whereby J is a constant of the motion and the K quantum number (the projection of J onto the figure axis) is not. Nuclear spin statistics and the OH n = ~ OH spin-orbit state were not included in the calculation. In our previous papers we incorporated a different direct count algorithm which gave qualitative agreement with the experimental results (i.e., it gave a biexponential form), but was quantitatively in poorer agreement than the present calculation. Our previous calculation postulated a somewhat tight transition state as opposed to the present calculation which invokes a loose transition state via PST.
Finally, it should be mentioned that the purpose of the present calculation has been to illustrate, in the simplest manner, the comparison between the predictions of standard statistical theories and our experimental results. A more complete theoretical treatment, which includes a modified treatment for the determination ofthe transition state will be given in Ref. 37. 
